Abstract. The objectives of this paper are the presentation of site-specific radioecological information and development of models, which can be used to calculate doses to Arctic marine biota. The methodology of calculating doses from a, P, and y-emitters is presented. This methodology is realized in form of computer code DOSBIO, and model parameters are evaluated. The following annual doses to biota are calculated: internal dose from radionuclides incorporated in the organisms; external dose from contaminated water; external dose from contaminated bottom sediments; total dose as a sum of internal and external doses. Dose conversion factors are calculated for 15 species of marine biota, including fish, sea mammals, molluscs. The list of species includes cod, plaice, haddock, herring, redfish, Greenland halibut, char, saithe, Greenland seal, white whale, ringed seal, bearded seal, and others. The calculations are performed for adult representatives of each species. Calculated dose conversion factors are presented for 11 different radionuclides (H-3, C-14, K-40, Sr-90, Tc-99, Sb-124, Cs-137, Eu-152, Po-210, Pu-239, Am-241). The current and potential doses to marine biota from the Barents and Kara Seas are estimated.
INTRODUCTION
The subject of this paper is development of a computer model, which can be used to calculate doses to Arctic marine biota, and to estimate current and potential doses to the arctic biota from the Barents and Kara Seas. It is taken into account that doses to biota are summing over external irradiation owing to the presence of radionuclides in the water column and bottom sediments, and internal irradiation owing to the uptake and assimilation of radionuclides by biota.
METHODOLOGY FOR DOSE ASSESSMENT TO AQUATIC BIOTA 21 Radiation dose from incorporated radionuclides
If the dimensions of aquatic organism are large compared to the path length of alpha and beta particles, the dose rate to an aquatic organism is approximately equal to the specific dose rate created in the infinite volume of an absorbing material, within which the radionuclide is uniformly distributed. The radionuclide activity concentration y (Bq-kg" 1 of the absorber mass) corresponds to the emitter content m the organism' s tissues. The value of dose rate P" or Pg° (pGy-s" 1 ) can be found using the following formula [1] [2] [3] [4] [5] :
where E a is the average energy of alpha particle per decay (MeV). The average dose rate in the tissue from the uniformly incorporated gamma emitters is calculated •"iththe following formula [1] [2] [3] [4] [5] : RADIOPROTECTION -COLLOQUES P r =1.1454^-r-g- ; (3) where P Y is the average dose rate, pGy-s" 1 ; y is the activity concentration of a radionuclide in the tissue Bq-kg" 1 ; r is the gamma radiation constant of the radionuclide, aGy-m 2 -(s-Bq)"'; g is the average geometric factor, cm. The values of the average geometric factors for cylinders of different sizes were calculated in the specialized dosimetric literature [1] .
Radiation dose from external sources
The dose rates to aquatic organisms from alpha and beta emitters scattered in the water depth are calculated with the following formulas:
p fi *=p;-p P {F)v\ (5) where P^and Pp° are calculated with the formulas (2) and (4), whereas P a (F) v and Pp(F) v characterize the dose rates in the area occupied by the organism. All these quantities are determined from the radionuclide concentration in water.
Considering the water depth as an infinite source with a uniformly distributed gamma emitter, we can calculate the external gamma-radiation dose rate to aquatic organisms P r°° (in pGy-s" where Ai, oci and «2 are the coefficients in the exponential Taylor representation of the accumulation factor of scattered radiation [4] ; X is the concentration of the radionuclide in water, Bq-L" 1 ; fi, is the gamma radiation attenuation factor, cm"
1 . When radionuclides are concentrated in thick (>10 cm) surface layer of bottom sediments, the external gamma-radiation dose rate from the sediments to the organisms can be estimated as equal to 0. 5-P™ . If the thickness of the contaminated layer is less then 10 cm the external gamma-radiation dose rate from the sediments can be estimated using a well-known relationship for the determination of the gamma-radiation field from a source in the form of a shielded sheet [4] .
CALCULATION OF DOSE CONVERSION FACTORS FOR THE ARCTIC BIOTA USING THE COMPUTER CODE DOSBIO
The computer code DOSBIO was developed for calculating doses to marine biota in the Arctic Seas from natural and technogenic radionuclides. The internal, external and total doses from a, p, and y-emitters were calculated for 15 species of marine biota, including fish, sea mammals and molluscs. The calculations are performed for adult representatives of each species. Programme DOSBIO was used for calculating the dose conversion factors from the unit concentration of each radionuclide in organisms or in the marine environment. Calculations of dose conversion factors were performed for 35 different radionuclides. The programme starts with the automatic reading of the data base information. The programme runs a dialog with the user, asking to specify the request on calculations. The user types the request, selecting the radionuclide, the aquatic organism, activity in water, sediments, and organism s tissues. If no data on sediment or biota contamination were provided by the user, these information is calculated automatically by the programme, using default values from data base. Programme runs die dose calculations, according to formulas (1) -(7). The detailed description of the programme DOSBIO is given in the publication [6] . The dose conversion factors calculated with the DOSBIO code for the Arctic biota for the most important radionuclides are shown in Table 1 . 4. DOSE ASSESSMENT TO THE ARCTIC BIOTA 4.1 Dose assessment to the Arctic biota based on the actual radioactivity levels
The estimated doses for the biota of the Barents and Kara Seas obtained on the basis of actual radiooactivity levels in components of the marine ecosystem are presented in Table 2 [7]. One can see from this table that for Arctic marine biota the additional doses from artificial radionuclides are considerably lower than the doses from the natural background radiation.
2 Current dose levels to marine biota near RW disposal in the Kara Sea
The current radiological situation at RW dumping sites was inspected during the cruises of the Joint Russian-Norwegian expeditions in 1993 -1994 [8-9] . In these cruises samples of water, sediments and biota were collected, and concentrations of specific radionuclides were measured. These data forms the database for calculating the current doses to marine organisms in the vicinity of RW dumping sites. The expeditions to the sites of the radioactive waste disposals near the Novaya Zemlya didn't reveal any difference in the radiological situation as compared to the open Kara Sea [8] [9] . The internal doses to the local biota are the same as for the Kara Sea biota. External exposure from sediments in the Tsivolki Fjord was estimated to be about 110-10" 9 Gy-day" 1 . During the survey to the Abrosimov Fjord [9] , small local spots of bottom contamination were found in the vicinity of some dumped containers with radioactive wastes (but not near containers with the spent fuel). The highest levels of man-made radionuclides in bottom sediments within these spots were as follows:
137 Cs -about The calculated dose rates to mollusks inhabiting the contaminated spots of bottom sediments can be as great as 8.5-10" 6 Gy day" 1 , whereas the average external exposure to molluscs in the Abrosimov Fjord is about HO" 7 Gyday"
1 . So, the doses to marine biota calculated using the current levels of radioactive contamination of the fjords, are very low, with the exception of some local contaminated spots, and cause no damage to marine biota. 
Dose assessment to the Arctic biota based on the potential release scenario
Potential doses to marine organisms inhabiting the radioactive waste (RW) dumping sites in the bays of Novaya Zemlya were calculated using predicted levels of future environmental contamination, associated with potential radionuclide releases from the containers with radioactive materials [10-11].
Model scenarios for the potential radionuclide releases patterns from the dumped containers with radioactive materials were developed within the framework of the International Arctic Seas Assessment Project (IASAP) under the auspices of the International Atomic Energy Agency [12] . These IASAP source term scenarios provided predictions of annual release rates for a wide set of radionuclides from each site of RW dumpings over the period of 1000 years in the future. To evaluate the highest potential doses to marine biota, we used the release rates predicted for the so-called 'plausible worst case scenario' , based on the assumption of an accidental disruption in 2050 AD of dumped fuel containers in the Tsivolki Fjord, with a release 'spike' of 110,000 GBq followed by much smaller releases in the subsequent years.
Potential doses to marine biota in the Tsivolki Fjord
The highest levels of radioactive contamination of the fjord are expected in the case of realization of the so-called 'plausible worst case scenario' developed by the IASAP experts. The calculated concentrations of the most important radionuclides in water and bottom sediments of the Tsivolki Fjord during the period of highest releases (2050 AD) are given in Table 3 [11]. The calculated dose rates to different types of marine biota are presented in Table 4 . Because of the presence of great amounts of actinides in the releases, their contribution to potential dose rates is dominating for mollusks and zooplankton. The contribution of internal exposure to the total dose rate f or all types of organisms is greater than 90 %. No quality factors were used to estimate the relative biological effectiveness of alpha and beta emitters. According to [13] , summarizing the effects of radiation on aquatic organisms, dose rates no greater than 10 mGy day" 1 should ensure the survival of populations, although some damage to individuals may occur. By analysing the predicted dose rates to marine biota in the Tsivolki Fjord (see Table 4 ), one can conclude that the dose limit to some marine species will not be exceed; however, the calculations were made without consideration of quality factors for alpha and beta particles, so the actual impact of the actinides can be much higher than predicted levels. It should be also taken into account that the calculations were made on the assumption of a uniform distribution of the released radionuclides in water and uniform contamination of the seabed. However, some local spots of much higher contamination will certainly be formed in the vicinity of ruined containers.
